Architectural, Engineering, Construction (AEC) and Facility Management (FM) industry rely on varied expertise to achieve a highly successful project. Overall, data is extremely important, and no single firm would want to be held back by the tools they use, nor do they want to maintain various disparate software packages. This paper seeks to find optimal ways in addressing BIM interoperability with emphasis on data exchange not the tools. The study reviews number of top vendors and manufacturers website and solicit their views on BIM interoperability and how those companies deal with the challenges of providing a product that integrate well with competing industry software packages.
Introduction

1.1.
Building Information Modeling (BIM) The National Building Information Model Standard Project Committee defines BIM as "a digital representation of physical and functional characteristics of a facility. A BIM is a shared knowledge resource for information about a facility forming a reliable basis for decisions during its life-cycle; defined as existing from earliest conception to demolition" [1] . A basic premise of BIM is collaboration by different stakeholders at different phases of the lifecycle of a facility to insert, extract, update or modify information in the BIM to support and reflect the roles of that stakeholder. Use of BIM goes beyond the planning and design phase of the project, extending throughout the building lifecycle, supporting processes including cost management, construction management, project management and facility operation.
Participants in the building process are constantly challenged to deliver successful projects despite tight budgets, limited manpower, accelerated schedules, and limited or conflicting information. The significant disciplines such as architectural, structural and MEP designs should be well coordinated, as two things can't take place at the same place and time. Building Information Modeling aids in collision detection at the initial stage, identifying the exact location of discrepancies.
The BIM concept envisages virtual construction of a facility prior to its actual physical construction, in order to reduce uncertainty, improve safety, work out problems, simulate and analyze potential impacts [2] . Subcontractors from every trade can input critical information into the model before beginning construction, with opportunities to pre-fabricate or pre-assemble some systems off-site. Waste can be minimized on-site, and products delivered on a just-in-time basis rather than being stock-piled on-site [2] .
BIM can bridge the information loss associated with handling a project from design team, to construction team and to building owner/operator, by allowing each group to add to and reference back to all information they acquire during their period of contribution to the BIM model. This can yield benefits to the facility owner or operator. For example, a building owner may find evidence of a leak in his building. Rather than exploring the physical building, he may turn to the model and see that a water valve is located in the suspect location. He th International Symposium on Automation and Robotics in Construction (ISARC 2019) could also have in the model the specific valve size, manufacturer, part number, and any other information ever researched in the past, pending adequate computing power [3] . Dynamic information about the building, such as sensor measurements and control signals from the building systems, can also be incorporated within BIM software to support analysis of building operation and maintenance [4] .
BIM technology is receiving great attention in the architecture, engineering and construction (AEC) industry, and since it contains a complete set of information of the lifecycle of a structure in the form of a digital model, it is widely projected to be the technology of tomorrow. By being a comprehensive digital database, it is rapidly gaining acceptance as the preferred method of communicating the design professional's intent to the owner and project builders [5] . BIM has been traditionally used for design and its use in the construction phase has also been increasing recently. However, nowadays owners have realized the potential of BIM and insist on inheriting the BIM models for further use. The owner can benefit from the BIM model as an archive of as-built information, for purposes such as Facility Management (FM) decision making tool or repository of materials.
BIM Interoperability
Architecture, engineering, construction, and facilities management are information intensive industries, and are highly dependent upon effective information technologies. Various software and tools are used to help with the AEC/FM design and management tasks. However, currently the information is passed from one project member to the next by producing paper based or electronic documents which can only be interpreted by people. These members must also re-enter relevant information into their own professional tool. This manual data entry is a non-value adding activity, can often introduce errors into the project, and inhibits the use of better computational tools [6] .
With respect to software, the term interoperability is used to describe the capability of different programs to exchange data via a common set of exchange formats, to read and write the same file formats, and to use the same protocols [7] . One common use case for software interoperability is for the customers freedom to switch from one product to another while keeping the data intact after the transfer. This is especially important for use cases where the data will stay in one system for a long time (e.g. in Computer Aided Facility Management -CAFM systems or cloud) to prevent vendor lock-in.
In the AEC industry where, one-off projects teams are assembled across different organizations, disciplines and phases you want the different discipline tools to share information with each other and you want data generated in one phase to be usable without re-entry for the next phase. This is the foundation for openBIM. You cannot have a true openBIM workflow without interoperable software. Interoperability is about freedom to work with the best in any discipline and for them to use the tools they are most comfortable and productive with.
To communicate with each other systems, need to use common data formats and communication protocols. Examples of formats are IFC, XML, JSON, SQL, ASCII and Unicode. Examples of protocols are HTTP, TCP, FTP and IMAP. When systems are able to communicate with each other using these standards they exhibit syntactic interoperability.
For BIM tools to work together we need more than just the ability to transfer information. We need the ability to transfer meaning. What is sent must be the same as what is understood. To achieve this both sides must refer to a common information exchange reference model. We need semantic interoperability. Interoperability between various software applications can be achieved in a number of ways such as: Using software that directly reads the proprietary file format contained in the BIM software application, which will be the case for a suite of software applications developed by one software vendor; using software that incorporates an Application Programming Interface (API), providing a welldeveloped interface between software from different providers; and using software that supports data exchange standards such as Industry Foundation Classes (IFC) format [8] .
Industry Foundation Classes (IFC)
BuildingSMART developed Industry Foundation Classes (IFCs) as the open and neutral data format for openBIM with the aim of improving information exchange between software applications [14] . The specification of the IFC standard includes for each major and minor edition:
• the IFC Specification html documentation (including all definitions, schemas, libraries) • the URL for the IFC EXPRESS long form schema • the URL for the ifcXML XSD schema
The IFC specification is written using the EXPRESS data definition language, defined as ISO10303-11 by the ISO TC184/SC4 committee. It has the advantage of being compact and well suited to include data validation rules within the data specification.
The ifcXML spec is provided as an XML schema 1.0, as defined by W3C. The ifcXML exchange file structure (the syntax of the IFC data file with suffix ". ifcXML") is the XML document structure. The XML schema is automatically created from the IFC-EXPRESS source using the "XML representation of EXPRESS schemas and data", defined as ISO10303-28 ed. 2. This ensures th International Symposium on Automation and Robotics in Construction (ISARC 2019) that both IFC-EXPRESS and ifcXML handle the same data consistently and that the *.ifc and *. ifcXML data files can be converted bi-directionally.
IFC Data File Formats and Icons
IFC data exchange has two alternative formats for the exchange of some information content [14] . These formats are:
• IFC format or IFC part 21 Format, which is based on the ISO 10303 -21 standard, • The ifcXML format, which is based on an XML Schema definition of the IFC product IFC data files are exchanged between applications using the formats (Table 1 ) and should be indicated by the published icons: Table 1 IFC data file exchange format
Icons
Data File Format
.ifc IFC data file using the STEP physical file structure according to ISO10303-21. The *.ifc file shall validate according to the IFC-EXPRESS specification. This is the default IFC exchange format. IFC data file using the XML document structure. It can be generated directly by the sending application, or from an IFC data file using the conversion following ISO10303-28, the XML representation of EXPRESS schemas and data. . ifcZIP IFC data file using the PKzip 2.04g compression algorithm (compatible with e.g. Windows compressed folders, WinZip, zlib, info-zip, etc.). It requires to have a single .ifc or *. ifcXML data file in the main directory of the zip archive.
Review of Comparative Building Design and BIM Software
Building design and building information modeling (BIM) software includes computer-aided design (CAD) products used commonly within the architecture and construction industries. Many of these products offer tools and libraries specifically targeted toward architectural design and construction, including mechanical, electrical, and plumbing (MEP) and building information modeling (BIM) . Table 2 categorizes BIM software that offers a model-based process for designing and managing buildings and infrastructures, going beyond construction drawings to generate a digital representation of the functional properties of a facility. Other products in this category may be used for a range of CAD purposes beyond architectural design, but their rankings within this grid focus exclusively on their use as a tool in building design. The best products in Table 2 are determined by customer satisfaction (based on user reviews) and market presence (based on products' scale, focus and influence). The list is not meant to be excusive. 
Case Study
Under this section, the paper demonstrated the potentials on interoperability as well as the issues and challenges specific to the selected vendor software's in Table 2 . Authors further examined views of how these vendors' deals with challenges of providing product that th International Symposium on Automation and Robotics in Construction (ISARC 2019) integrates well with other competing software's. The vendor software products that featured for the case study include;
The selection is done in no order of preference. It was solely based on informational purposes and to facilitate the decision-making process for the end-users.
Bentley
Bentley provide i-models that enable users to access and share information-rich models. This can include competing solutions and varying file formats. i-models act as a container for exchanging information and conveying AECO data to the right people at the right time by breaking down issues with interoperability that have hindered the progress of infrastructure projects. Bentley is fully committed to i-models by recently launching iModel 2.0 Platform which offers a better solution for synchronizing work in infrastructure projects by managing all the change related to a project. Bentley also announced the availability of AECOsim Building Designer CONNECT Edition (Figure 1 ) which is Bentley's building information modeling (BIM) application designed for building projects of significant size and/or engineering complexity, and which are typically characterized by the challenges of combining vertical construction and horizontal infrastructure (like roads, railways, utilities, etc.). AECOsim Building Designer CONNECT Edition shares a comprehensive modeling environment with all of Bentley's CONNECT Edition applications. Without a comprehensive modeling environment, engineers and architects have had to struggle with complex data exchange, resulting in information loss and repeated translations, or even resort to force-fitting a BIM application beyond its intended use to model geometry, which is lacking in BIM intelligence [15] . 
Autodesk
Autodesk supports interoperability with other BIM vendor software and hardware in a variety of ways. In fact, in 2016, Autodesk and Trimble signed an interoperability agreement to benefit AEC Customers to gain greater flexibility throughout the BIM Project Lifecycle [16] . And, also signed an interoperability agreement with Bentley nearly a decade ago.
• 
Graphisoft
GRAPHISOFT has been involved in the development of IFC standards since 1996. The latest ARCHICAD version (21) supports the import and export of IFC 4 models including two types of the Model View Definitions, which are developed for multi-disciplinary 3D mode-exchange workflows [21] : 
Vectorworks
Vectorworks provides several different methods for sharing data across a large spectrum of workflows and file formats, giving users the ability to select the best option for their needs. For BIM, where geometry and associated information are important, there is the IFC export/import, as well as ODBC. Vectorworks is also the first product to offer import of RVT and RFA files based on the Open Design Alliance (ODA) Teigha BIM software development kit. In addition, important 2D and hybrid 2D/3D workflows can be supported with PDF/3DPDF, DWF and DWG/DXF export and import. For 3D geometry-centric processes and workflows, especially around early design and building product research, Vectorworks supports import and/or export of another dozen or more file formats including 3DM, SKP/COLLADA, 3DS and a multitude of point clouds formats [22].
Konstru
Konstru, a new product launched in June 2017 is a central interoperability platform that automates the exchange of BIM data between analysis & modeling software tools. Konstru supports all your favorite and most popular design and analysis tools and allows them to communicate with one another.
The product was created by structural engineers and for structural engineers, in order to make this communication possible between BIM software programs. Konstru is a quick plug-in download that allows you to upload your current projects model to their secure cloud. It's possible to exchange BIM data across multiple platforms, make necessary revisions, and visually understand everything that changed.
Konstru has an open API and modern API to allow for people have the flexibility to build their own use cases and develop apps for BIM without much programming language.
Trimble
Trimble has a philosophy that project team members should be able to work together smoothly regardless of the tools they use in demonstrated the integrations and interoperability features across multiple solutions: • Secondly open, vendor independent, practical BIM standards must be adopted in every country.
Case Study Evaluation Process
BIM tools that works together, ability to transfer meaning, serves as a common information exchange reference model and able to interoperate between various software application formed the basis for the authors evaluation method. Table 3 defines the vendor software products which reads directly the proprietary file format contained in the BIM software application. The authors used the vendors software product that featured for the case study analysis and ranked them against each other to determine a particular software vendor using software that incorporates using an Application Programming Interface (API), providing a well-developed interface between software from different providers. The authors also considered the software that frequently supports data exchange standards such as Industry Foundation Class (IFC) format for the evaluation. The number of meaningful data exchange transfer model/interfaces that each BIM software product could successfully perform among each other were counted. Based on the number of programming interfaces (API) and open standards file formats associated with each software products was assessed. Based on each assessment, paper ranked the software's according to the scale of "LOW to HIGH". "HIGH" indicates a product that can smoothly communicate and transfer data with less effort or difficulty while "LOW" constitute substantial difficulty in exchanging data. To broaden the support base for this analysis, the paper further took into the following considerations; the customer satisfaction -based on user reviews and market presence -based on product scale, focus and influence. Level of Development (LOD) 300, contracts typically require that engineers only produce a full set of 2D construction documents that convey the design intent. This approach is very inefficient for the owner as overall project costs can escalate due to RFIs and change management issues during construction.
• Liability. Many engineers are concerned about providing too much detail because if something goes wrong later in the project, they seem to be concerned that it could make them liable.
Discussion
The goal of this paper was to provide different approaches to allow for a flexible response to complicated data transfer challenges. The major issues raised in the case study readily focused on project data standards and its interoperability.
Autodesk encourages owners to use their BIM mandates to ask for the data in the native file format of the authoring tool and in IFC format [24] . Autodesk offers both open source and owned its own plug-ins for interoperability. IFC is the most often used but other methods are also useful. For example, autodesk has series of free utilities to facilitate the quality of BIM data exchanges. These consist of classification manager for Revit, COBie toolkit plugin for Revit and a model checking tool for Revit [24] .
There are varieties of options, including openBIM, open sources, and host of others but the preferred standard for Bentley would be to ensure cityGML and IFC are adhere to, to deliver and share better engineering -ready models [25] .
Most structural analysis programs were written before the emergence of BIM and work around centerline base wire frame model. This becomes extremely difficult if not impossible to find a perfect solution to fit-in nicely with physical modelling solution like Revit and Tekla Structures regardless of how good the link may be. Trimble has developed a structural analysis solution purposely with this problem in mind (Tekla Structural Designer). Tekla Structural Designer has a physical model and a wire frame model working together so the transfer of information and out of BIM environment is made easy [27] .
buildingSMART International provides the global marketplace with the openBIM standard IFC format for BIM interoperability. It is the only open, non-proprietary data exchange standard for the building industry that is comprehensive enough to address the many workflows, processes and stakeholders involved in the design, construction and operations of a building over its entire lifecycle. Because it is an International Standards Organization (ISO) standard, like XML and HTML, anyone can build tools to read and/or write IFC data, including BIM authoring, simulation and analysis, viewing and data server platforms. IFC puts the emphasis on the data, not the tools, so important information can be transmitted regardless of source or receiver of the data. This also encourages a healthy, open marketplace for tools to give end users the best technology and value proposition for their investment. Trying to achieve the same level of BIM interoperability by only utilizing proprietary APIs is economically infeasible at the scale necessary to serve so many end users, for so many projects, in so many markets, using so many different tools [27] .
There are over 200 software products by 140 plus vendors/developers across the globe that support IFC data exchange for their customers, irrespective of their country of practice. buildingSMART also has a software certification program to verify the technical capability of applications to read and/or write IFC data. This certification program includes IFC2x3 support and has recently started on the new IFC4 standard. To date, 22 different applications, including major market applications from the Nemetschek Group, Trimble and Autodesk, have been certified to exchange IFC2x3 files. Efforts by five vendors, including Vectorworks, are already underway to certify on IFC4 exchanges [28] .
Recommendation
The market is changing and so are the requirements for managing data throughout the project lifecycle in AEC industry. Digitization and cloud-based services are the trends resonating with all industry players, who want to make data talk to other data platforms. In this regard, stakeholders must embrace the change through:
• digital platforms, and understand the changing context of BIM information, • organizations need to ensure this information can be interoperable but resolute in order to better connect distributed teams. th International Symposium on Automation and Robotics in Construction (ISARC 2019)
Though technical capability of BIM interoperability and other tool interfaces has improved significantly over the past decade, end-user's knowledge and ability to leverage that capability needs to improve as well. Many times, the biggest obstacle to BIM data exchange is the end users' lack of understanding the best practices in their tools for creating good BIMs, neglecting set up of good, consistent data exchange requirements and processes with collaborators and not knowing how to utilize the data exchange commands in their tools for the best results.
Data exchange standard technology also, needs to improve continuously, improving the IFC data exchange transfer results for project teams.
The authors data interface analysis evaluation gives credence to fact that, Autodesk Revit is more versatile BIM tool capable of accommodating a wide variety of design interfaces for data exchanges among other software products, scoring "HIGH" in the rankings in Table 3 .
Conclusion
From the search and analysis conducted across the interfaces of almost all the software products, each vendor firm is drifting towards cloud services. Autodesk for example, is pushing heavily for cloud services and cloud central model management, so each project team member could readily access changes and updates from their project data irrespective of their location. Based on this paradigm shift, the authors believe cloud is the future for interoperability and collaboration. The could services does not only offer powerful processing potential but also data distribution and accessibility by enabling a connected data environment.
It will be far-fetched to say technology that is holding back BIM interoperability. It is being held back by contractual issues. One simple solution would be to execute more projects as Design-Build projects rather than Design-Bid-Build. That way, it is in everyone's interest to share information to compress construction schedules. Some structural engineers are adopting what is being termed, 'HD BIM' techniques or offering 'Construction Services' as part of their service -this is another way of eliminating some of these contractual issues. Also, in all situations, it would be ideal on all projects to implement a true BIM execution plan that states who will create a model, to what LOD and how it will be utilized.
